Many biomolecules, mainly proteins, adsorb onto polymer particles to form a dynamic protein corona in biological environments. The protein corona can significantly influence particle-cell interactions, including internalization and pathway activation. In this work, we demonstrate the differential roles of a given protein corona formed in cell culture media in particle uptake by monocytes and macrophages. By exposing disulfide-stabilized poly(methacrylic acid) nanoporous polymer particles (PMA SH NPPs) to complete cell growth media containing 10% fetal bovine serum (FBS), a protein corona, with the most abundant component being bovine serum albumin, was characterized. Upon the adsorption onto the PMA SH NPPs, native bovine serum albumin (BSA) was found to undergo conformational changes. The denatured BSA led to a significant decrease in internalization efficiency in human monocytic cells, THP-1, compared with the bare particles, due to reduced cell membrane adhesion. By contrast, the unfolded BSA on the NPPs triggered class A scavenger receptor-mediated phagocytosis in differentiated macrophage-like cells (dTHP-1) without a significant impact on the overall internalization efficiency. Taken together, this work demonstrates the disparate effects of a given protein corona on particle-cell interactions, highlighting the correlation between protein corona conformation in situ and relevant biological characteristics for biological functionalities.
4 1, to release inflammatory cytokines. 9 Clearly, the impact of a protein corona on particle interactions with cells is significant and diverse, as this phenomenon is strongly dependent on particle properties, the nature of the biological fluids, and cellular components. Therefore, to uncover underlying mechanisms associated with the biological identity of particles, there is a need to establish links between protein corona properties, cellular characteristics, and biological functions.
Template-based assembly has become a prominent approach for synthesizing polymer particles for biomedical applications because it combines control over particle morphology (e.g., size and shape) with the versatility of polymer building blocks, 12, 13 allowing tuning of the composition of the particles. Templating porous particles gives rise to a new class of free-standing polymer particles, namely nanoporous polymer particles (NPPs). 12, 13 The assembly method to form NPPs involves infiltration of polymers into the internal space of porous templates, optional subsequent stabilization via covalent crosslinking, and template removal, resulting in the formation of polymer replica particles. Various NPPs with diverse composition, size, porosity and functionality have been synthesized by using mesoporous silica particles as templates. 12, 13 Owing to the versatility, tunability and high cargo loading capacity, NPPs show promise for therapeutic delivery. [14] [15] [16] For example, nanoporous poly(L-glutamic acid) (PGA) microparticles have been used as carriers for sustainable delivery of brain-derived neurotrophic factor (BDNF) to rescue BDNF-deprived neuronal cells in vivo. 14 Additionally, nanoporous PGA particles loaded with CpG oligodeoxynucleotides have been shown to enhance immunogenicity as self-adjuvant particles in vitro. 15 NPPs have also been generated to address controlled drug delivery in cancer cells, 16 where the chemotherapeutic compound, doxorubicin (DOX), was conjugated to thiolcontaining poly(methacrylic acid) (PMA SH ). The DOX-PMA SH conjugates were infiltrated into mesoporous silica particles and subsequently oxidized to form disulfide bonds between PMA SH , resulting in DOX-loaded PMA SH NPPs. It has been shown that the PMA SH NPPs are internalized and transported to lysosomes in cancer cells, 17 and that the DOX-loaded PMA SH NPPs exhibit significant cytotoxicity in vitro. 16 For the continued development of these NPPs for therapeutic delivery, studies that address the formation of protein corona on the NPPs and its interactions with immune cells are required. However, these investigations are yet to be performed.
Herein, we investigate the protein corona formed by exposing PMA SH NPPs to cell culture media and evaluate its effect on cellular uptake in the monocytic THP-1 cells as well as differentiated macrophage-like THP-1 (dTHP-1). Although immortalized monocytic cell lines (e.g., THP-1 or U937) have significant differences in gene expression compared with primary monocytes and macrophages, monocytic cell lines have been used as a model system in many studies in vitro due to their homogeneity and availability. Our proteomics data show that bovine serum albumin (BSA) is the major component of the protein corona formed on the NPPs following exposure to the cell growth media. The PMA SH NPPs bind and induce unfolding of BSA. The resulting protein corona of the PMA SH NPPs has been shown to exhibit distinctly different effects on cellular uptake in monocytes and macrophages. In the monocytic THP-1 cells, the adsorption of serum proteins or BSA alone on the particles decreases the particle-cell membrane adhesion, leading to reduced cellular uptake. By contrast, the identical protein coronas do not significantly change the overall internalization efficiency, but have an important impact on internalization mechanisms in dTHP-1 cells. Following the differentiation to macrophages, class A scavenger receptors (SR-A) that are present on the cell membrane recognize the unfolded BSA on the PMA SH NPPs, leading to the activation of SR-A-mediated phagocytosis (Scheme 1). As serum albumin has been found to be present on most particle 6 surfaces upon exposure to plasma, 18 the current study highlights the significance of serum albumin conformation on particle-macrophage interactions, which has important implications in particle clearance. Taken together, our data provide important insights into the cellular uptake of PMA SH NPPs in immune cells, showing that the biological interactions are determined by the combined properties of protein corona and cellular components.
RESULTS AND DISCUSSION
PMA SH NPPs with a diameter of approximately 500 nm were synthesized as described previously, 16 and incubated with complete cell growth media containing 10% fetal bovine serum (FBS) to form the protein corona. The resulting PMA SH NPP-serum protein complexes were separated from the media by centrifugation and washed with Dulbecco's Phosphate-Buffered Saline (DPBS) extensively to remove unbound proteins. These long-lived proteins, namely the hard protein corona, were subsequently eluted, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and stained with Coomassie G-250. It was shown that the hard protein corona was comprised of a number of serum proteins with a predominant band of ~70 kDa ( Figure 1a ). The formation of the protein corona is a rapid process, as exposure to the cell growth media for 5 min results in significant protein adsorption, as shown by SDS-PAGE ( Figure 1a ). The rapid formation of the protein corona upon exposure to human plasma has also been reported for silica and polystyrene nanoparticles. 19 To identify the composition of the protein corona after 1 h of incubation with complete cell growth media containing 10% FBS, the corresponding lane from the SDS-PAGE (lane 5 in Figure 1a ) was excised into 13 equal fractions followed by in-gel tryptic digestion and protein identification using an Orbitrap Elite mass spectrometer (Thermo Scientific). The major band at 7 ~70 kDa was used to align the gel for excision of the bands. A total of 154 proteins were identified from the protein corona based on a targeted 1% false discovery rate and a minimum of 2 unique peptides (Table S1) Figure S1 ). This corresponds to 9 × 10 -15 g of BSA adsorbed per NPP.
To evaluate the effect of the protein corona on particle size and surface charge, the NPPs were dispersed in three types of media for comparison, namely serum-free RPMI medium (SF), complete RPMI medium containing 10% heat-inactivated FBS (cRPMI), and RPMI medium containing 2 mg mL -1 BSA (approximately equivalent to BSA concentration in cRPMI 21 ) (BSA).
Particle size and zeta-potential analysis of these three different particle-medium dispersions were 8 undertaken using dynamic light scattering and microelectrophoresis, respectively. In comparison to SF medium, the particle size distribution shifted to higher values for both cRPMI and BSA media as a result of protein adsorption (Figure 1b ). An increase in particle size due to the formation of a protein corona has been commonly observed in other particles, such as polystyrene and silica nanoparticles. 22 It is also noted that the increase of hydrodynamic diameter measured by DLS cannot be necessarily quantitatively related to the thickness of the protein layer, as the apparent size distribution is generally broadened when multiple species are present. 23 The zeta-potential of the NPPs was also altered upon protein adsorption, from -39 ± 5 mV in SF medium to -25 ± 4 mV and -26 ± 5 mV in the cRPMI and BSA media, respectively.
Studies have reported that the adsorption of proteins leads to a neutralization in particle surface charge both in positively charged 24 and negatively charged nanoparticles, 22 presumably by binding to proteins with opposite charge. However, significant electrostatic binding between the PMA SH NPPs and BSA is not expected because both BSA (pI = 4.7) and the NPPs are negatively charged in these media at pH 7.4. This suggests that other interactions, such as hydrophobic interactions, may play a role in the formation of protein corona. 5, 10 A recent study has shown that the strong binding observed when negatively charged fibrinogen binds with negatively charged poly(acrylic acid)-conjugated gold nanoparticles is due to the exposure of a positively charged domain in fibrinogen induced by adsorption onto the nanoparticles. 9 Therefore, we sought to examine whether conformational changes in BSA occur upon binding to the PMA SH NPPs. To monitor the protein secondary structure, far-ultraviolet circular dichroism (CD) was employed.
The typical native BSA CD spectrum with α-helix and β-sheet structures was observed when native BSA is dissolved in DPBS (0.3 mg mL -1 ) ( Figure 2 ). By contrast, the PMA SH NPPs exhibited basal ellipticity. However, the BSA CD spectra progressively shifted to higher ellipticity values from 205 nm to 225 nm in the presence of increasing concentrations of the PMA SH NPPs, suggesting that conformational changes of BSA occur in the presence of the NPPs ( Figure 2 ). Generally, the α-helix has negative ellipticity at 222 nm and 208 nm, whereas the β-sheet shows a negative band at 218 nm. Our data indicate that there were minor structural perturbations of BSA, probably both on the α-helix and β-sheet, upon adsorption onto the NPPs.
Similar effects have been seen with gold nanoparticles. 25 Protein adsorption onto particles is a kinetic process and is influenced by a number of parameters, including protein concentration and particle size. Lower protein concentration can lead to lower surface coverage, which in turn may favor surface-induced conformational changes of proteins. 26, 27 Hence, it is noted that the BSA conformation change upon adsorption onto the NPPs can vary between different serum mixtures. In the case of THP-1 cells, the presence of a protein corona showed a significant effect on the cellular association. It was shown that in both cRPMI and BSA media, the cellular association only increased fractionally from 1 h (28%) to 6 h (37%), suggesting slow cell binding and internalization. By contrast, the cellular association was shown to be significantly higher (> 2-fold) in SF medium at all time intervals over the 6 h incubation (Figure 3a ). To confirm that the formation of the protein corona was directly related to the reduced cellular association, the PMA SH NPPs were preincubated with the cRPMI to allow the protein to adsorb onto the particle surface. Subsequently, the coated NPPs were added to the THP-1 cells in the SF medium. It was shown that the cellular association was significantly inhibited compared with the uncoated PMA SH NPPs, in particular, at the 1 h and 3 h time points ( Figure S2 ). The gradual decrease in difference in cellular association between coated and uncoated NPPs is possibly due to the disassociation of the protein corona from the NPPs in the serum free medium. Consistently, the reduced internalization of the PMA SH NPPs in both cRPMI and BSA media at 6 h was confirmed by deconvolution fluorescence microscopy ( Figure 3b , c and d, Figure S3 ). This observation is in good agreement with other studies that show decreased cellular uptake of polystyrene, 8 silica, membrane adhesion of the NPPs in the presence of the protein coronas leads to the decreased cellular uptake. This finding is consistent with other studies, where nonspecific binding of nanoparticles are reduced by protein adsorption, resulting in slower and overall reduced nanoparticle uptake. 6, 7, 24, 28 Interestingly, the cellular association kinetics and cell membrane binding of the NPPs in the BSA medium were found to be similar to those in the cRPMI medium, suggesting that BSA, as the major component in the serum protein corona, plays a dominant role in the functionality of the serum protein corona in relation to THP-1 cell recognition. These results show that the formation of the protein-NPP complex inhibits cellular binding, resulting in decreased cellular internalization in monocytic THP-1 cells.
Next, the cellular association and uptake of the AF633-PMA SH NPPs in macrophage-like dTHP-1 cells were investigated. To induce macrophage-like differentiation in monocytic THP-1 cells, a protocol reported previously using phorbol 12-myristate 13-acetate (TPA) was applied. shown that poly I significantly attenuated the NPP-cell association in both cRPMI and BSA media to similar extents, while poly C had no effect ( Figure 5 ). By contrast, poly I did not affect the NPP-cell association in the SF media, suggesting SR-A-mediated phagocytosis is not operational in the absence of the protein corona. In addition, it was found that the poly I and poly C treatments did not affect the uptake of the NPPs in THP-1 cells ( Figure S4 ), which is consistent with the fact that THP-1 cells have negligible level of SR-A expression. 8 The inhibition of the NPP uptake by poly I in the cRPMI and BSA media was also confirmed using deconvolution fluorescence microscopy ( Figure 5 ). After incubation for 3 h in the presence or absence of poly I, the cell membrane was stained with wheat agglutinin (green, Figure 5 Preparation of PMA SH NPPs: PMA SH NPPs were prepared as described previously. 17 Briefly, approximately 5 mg mL −1 APTES-modified MS particles were dispersed in 5 mg mL −1 of PMA SH solution in NaOAc buffer (50 mM, pH 4.5) overnight to allow the infiltration of polymer to the internal porous network. After incubation, the excess polymer was removed by centrifugation, and particles were washed with NaOAc buffer. The particles were then dispersed in NaOAc buffer and crosslinked by NaOAc buffer (pH 6, 50 mM) containing chloramine T (10 mM) for 2 min. Afterwards, the particles were washed with PBS buffer, and the MS templates were dissolved with a 2 M HF/8 M NH 4 
